Introduction
Neutrophils are an essential component of the innate immune responses to invading pathogens and tissue damage. In response to inflammatory stimuli, neutrophils are recruited from the blood stream to infected tissues, where they produce reactive oxygen species (ROS), phagocytose and kill pathogens 1 . It is vital that the neutrophil response to inflammatory stimuli is well controlled. Leukocyte adhesion deficiency (LAD) patients, in whom the recruitment process is impaired, suffer from repeated, severe bacterial
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Work aimed to identify the molecular machinery controlling neutrophils has identified important regulatory players. Rap isoforms regulate adhesion-dependent processes by modulating integrin affinity and avidity 2 . Loss of leukocyte Rap1 activation is a cause of LAD-III 3, 4 , demonstrating the crucial role of this small GTPase is neutrophil control.
Agonist-activated phosphoinositide 3-OH kinases (PI3Ks) generate on activation the lipid second messengers phosphatidylinositol-(3,4,5)-trisphosphate (PtdIns(3,4,5)P 3 ) and PtdIns(3,4)P 2 . These cause plasma membrane recruitment, and activation of PI3K
effectors, which in turn regulate multiple enzymes and pathways 5 . Known PI3K effectors include regulators of Rho and Arf family small GTPases, GTPase activating proteins (GAPs) and guanine nucleotide exchange factors (GEFs). Rho family small GTPases are involved in regulating the neutrophil NADPH oxidase and chemotaxis 6, 7 whilst Arf family members regulate phagocytosis, ROS production and chemotaxis 8, 9 .
ARAP3 was identified from porcine neutrophils in a screen for PtdIns(3,4,5)P 3 binding proteins. In vitro, ARAP3 is a PtdIns(3,4,5)P 3-dependent Arf6 GAP and a Rap-activated RhoA GAP. In addition, in vivo PtdIns(3,4,5)P 3 drives ARAP3's recruitment to the plasma membrane, bringing it into vicinity of its activator Rap-GTP and of its substrates
RhoA-GTP and Arf6-GTP 10, 11 . The remaining ARAP family members (ARAP1/2) share ARAP3's multidomain structure 12, 13 . We set out to identify ARAP3's physiological function in neutrophils. Using neutrophils from a conditional Arap3 -/-mouse model in
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Loss of ARAP3 causes the pre-activation of neutrophil β2 integrins and hyper responsiveness in adhesion-dependent situations, feeding into several biological responses, such as adhesion-dependent ROS formation, granule release, and chemotaxis.
Whilst Rap activity is not affected by loss of ARAP3, RhoA activation is increased in an adhesion dependent setting, suggesting a role of ARAP3 downstream of Rap in neutrophils. Our work suggests a modulatory role for ARAP3 in neutrophils, aimed to prevent their activation in inappropriate situations.
Materials and Methods
Unless otherwise stated, materials were obtained from Sigma.
Inducible Arap3
-/-mouse model.
Generation of the Arap3
fl/fl mouse has been described 14 . For the inducible knock-out,
Arap3
fl/fl mice were crossed with Rosa-ERT2Cre + mice 15 . Cre expression was induced by a single intraperitoneal injection with tamoxifen as described 16 , which caused a complete, but transient deletion of ARAP3 in bone marrow-derived neutrophils. Mice
were housed in open racks or individually ventilated cages in small animal barrier units at
Babraham Institute and Walter-Brendel-Zentrum and used 11 or 12 days after induction.
Animal work carried out at BI and WBZ were approved by UK Home Office Project licenses PPL80/1875 and PPL80/2335 and Regierung Oberbayern, Germany (AZ55.2-1-54-2531-134/08), respectively.
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Neutrophil purification.
Neutrophils were isolated from bone marrows of sex-and age-matched mice of 10-14 weeks of age using discontinuous percoll gradients (Amersham) as described 17, 18 , using endotoxin-free reagents throughout.
Analysis of peripheral blood
Tail vein bloods were collected in EDTA-coated microvettes (Sarstedt) for analysis using a Vetabc animal blood cell counter.
ROS production assays.
ROS production was measured by chemiluminescence employing a luminol-based assay in polystyrene 96-well plates (Berthold Technologies) as described 19 . 5x10 5 cells were incubated with luminol (150µM) and HRP (18.75 U/ml) for 10 minutes at 37ºC. Where indicated, neutrophils were added manually to wells pre-coated with fibrinogen (150 µg/ml) or polyRGD (20 µg/ml) with or without murine TNFα (20ng/ml); or to immobilised immune complexes (100µg/ml IgG-BSA). For soluble agonist assays (fMLF 10µM final concentration), cells were primed for 1hr at 37°C in the absence (mock) or presence of mouse TNFα (1000U/ml) and GM-CSF (100ng/ml). For all assays, measurements were started immediately and light emission was recorded. Data output is relative light units per second (RLU/sec) or total RLU integrated over indicated measured periods of time.
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Chemotaxis assays.
For micropipette chemotaxis assays, neutrophils were resuspended in HBSS, 15mM
Hepes pH 7.4, 0.05% BSA, and allowed to attach to a glass coverslip. Cells were stimulated at 37°C with a point source of fMLF delivered from a microinjection pipette (femtotip, Eppendorf) using 50 mbar pressure as described 18 and monitored by timelapse imaging for 30 minutes using an inverted Zeiss axiovert microscope and Axiovision software. Chemotaxis assays involving Dunn chambers or EZ taxis chambers were carried out as described 18, 20 , using fMLF as chemoattractant. Chemotaxis in transwells was assayed using 3μm-pore polycarbonate filter units (Millipore) as described 18 .
Chemotaxis in a 3D collagen matrix was done as described 21, 22 , except that neutrophils were prepared by centrifugation over a discontinuous percoll gradient without prestimulation with TNFα. DPBS was used to dilute rat tail collagen (Roche). Cells were tracked using the 'manual tracking' and tracks were analysed using the 'Chemotaxis Tool' plug-ins (Ibidi) into Image J.
MAPK, Erk and PKB activation assays.
These assays were carried out essentially as described 23 , with cells plated onto polyRGD-coated, or hiFCS-blocked dishes. For detailed method see supplemental material.
Degranulation assay.
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Analysis of β2 integrins
Surface integrins were visualized by FACS analysis of stained cell populations. Integrin clustering was analysed by confocal microscopy of unstimulated, stained cells and used as a read-out for β2 integrin avidity. To measure integrin affinity, unstimulated cells were allowed to bind to ICAM1-Fc in solution; bound ICAM1-Fc was measured using quantitative immunofluorescence. See supplemental material for details.
Reconstitutions
Cohorts of C57B/6 mice were lethally irradiated and subsequently reconstituted by tail vein injection with 4 x 10 6 bone marrow cells from Arap3 model mice or from sex and age matched controls.
Ex vivo flow chamber assay.
Rectangular glass capillaries (VitroCom) with a cross section of 40µm by 400 µm coated with (rm)E-selectin (20µg/ml), rmCXCL1 (keratinocyyte-derived chemokine 15µg/ml), and rmICAM-1 (15µg/ml) served as ex vivo flow chambers as described 25 . See supplemental material for detailed method.
Intravital microscopy of the cremaster muscle
Intravital microscopy was performed essentially as described 26 . See supplemental material for detailed method.
Whole mount histology.
Cremaster muscle whole mounts were prepared as described 25 . Leukocytes were Giemsa stained in fixes tissue and analysed microscopically. For detailed method see supplemental material.
Small GTPase activity assays.
RhoA-GTP was determined by G-LISA assay (Cytoskeleton Inc) 27 . Arf6-GTP and Rap1-GTP were identified by pull-down assay as described 28, 29 . Please see supplemental material for details.
Results
We recently reported that deleting Arap3 in the germ-line causes embryonic lethality 14 .
To Neutrophils attached to a number of surfaces generate long-lasting, β2 integrindependent ROS, when co-stimulated with an additional pro-inflammatory stimulus (e.g. a cytokine or bacterial product) 31, 32 . In contrast, the synthetic multivalent integrin ligand polyRGD does not require any co-stimulation 23 . We found adhesion-dependent ROS production after plating cells onto polyRGD-coated surfaces was increased in tamoxifeninduced Arap3 fl/fl ERT2Cre + neutrophils compared to controls (Fig 2C, D; Fig S1B) in the presence or absence of TNFα. We observed the same trend with neutrophils plated onto fibrinogen-coated surfaces, again with or without co-stimulation with TNFα (Fig 2E, F ; Fig S1C) . This suggested β2 integrins in the ARAP3-deficient neutrophils might be present in a pre-activated state, able to produce adhesion-dependent ROS even in the absence of co-stimulation with a pro-inflammatory cytokine. (Fig 3B, Fig S2B) , We analysed adhesion of peripheral blood neutrophils to immobilized E-selectin, ICAM1
and CXCL1 ex vivo in a flow chamber system 25 , a set-up which represents a more accurate reflection of the situation of neutrophils in the blood stream due to the constant shear forces. Again, ARAP3-deficient cells adhered better to the coated chamber surface ( Fig 3D) . Altogether, our results showed that intracellular events downstream of integrin activation were upregulated in Arap3 -/-neutrophils (outside-in signaling).
2
Loss of ARAP3 regulates β2 integrin affinity and avidity but not surface expression.
We focused on the two major neutrophil β2 integrins, LFA-1 and Mac-1 to identify the reason for the increased responses of adhesion-dependent neutrophil functions we had observed. The total amount of Mac-1 in neutrophils that did or did not contain ARAP3
was unaltered (Fig S3A) . Similarly, surface LFA-1 and Mac-1 on neutrophils which had or had not been pre-stimulated with TNFα was near identical on tamoxifen-and mockinduced Arap3 fl/fl ERT2Cre + neutrophils (Fig 4A) , suggesting the differences in biological activities observed were not due to an increased number of surface integrins.
Integrin ligand binding affinity and avidity are regulated by inside-out signaling.
Integrins reversibly change their tertiary structure between low, intermediate and high
affinity status, and they reversibly cluster, modulating their binding avidity 34 . To compare β2 integrin affinity of neutrophils from mock-and tamoxifen induced Arap3 fl/fl ERT2Cre + mice in the absence of affinity-status-specific antibodies for murine β2
integrins, we allowed cells to bind to ICAM1 in solution and analysed binding using quantitative immunofluorescence on cells that had settled on glass slides after fixation.
ARAP3-deficient cells bound to ICAM1 significantly more strongly than controls ( Fig   4B) whilst cells isolated from tamoxifen and mock-induced Arap3 +/+ ERT2Cre + mice behaved the same (Fig S3B) . We next analysed avidity of LFA-1 and Mac-1, by staining neutrophils kept in solution using antibodies for these surface integrins. After fixation, cells were allowed to settle on slides for microscopical analysis. LFA-1 was significantly more clustered in ARAP3-deficient neutrophils than in controls ( Fig 4C; Fig S3C) ; this trend was observed, too, for Mac-1 whilst cells from tamoxifen-and mock-induced Arap3 +/+ ERT2Cre + mice displayed similar distributions of both LFA-1 and Mac-1 ( Fig   S3D) . In summary, β2 integrin affinity and avidity were increased in ARAP3-deficient neutrophils, indicating increased inside out signaling.
ARAP3 regulates chemotaxis
We analysed chemotaxis in neutrophils that did or did not express ARAP3. We initially This indicated neutrophils lacking ARAP3 had a severe chemotaxis defect, although they clearly reacted to being stimulated with fMLF.
For a more quantifiable response, we performed chemotaxis assays in Dunn chambers, where cells move on a "bridge" through a 20μm deep gap between two glass surfaces, in a shallow gradient of chemoattractant 35 . Unexpectedly, Arap3 -/-neutrophils were able to move directionally in Dunn chambers (Fig 5B) . However, tracking the chemotaxing cells, and analyzing the tracks, confirmed that neutrophils from tamoxifen-induced Arap3
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ERT2Cre
+ mice had a significantly reduced ability to chemotax towards fMLF in terms of Euclidian (the shortest distance between start-and end points) and total accumulated distances covered, and also in their speed (Fig 5C, D) . As expected there were no significant differences between neutrophils from tamoxifen or mock-induced Arap3 +/+ ERT2Cre + control mice in Dunn chamber assays (Fig S4B) .
Neutrophils from tamoxifen and mock-induced Arap3 fl/fl ERT2Cre + mice in EZ taxis chambers 36 , where cells are lined up at a narrow gap (5μm depth), through which they squeeze when exposed to a shallow gradient of chemoattractant (fMLF; Fig 5E) exhibited the same trend. Interestingly, the differences between neutrophils from tamoxifen-and mock-induced Arap3 fl/fl ERT2Cre + mice chemotaxing in EZ-taxis chambers were more subtle than in those measured in the Dunn chamber assays (Fig 5F,G) .
Several groups have shown in vitro with neutrophils lacking integrins 21, 37, 38 or where integrin function had been inhibited using antibodies or chelators 39 , that integrins are required for migration on two dimensional but not in three dimensional substrates (or when "chimneying" between close glass surfaces). To our knowledge, this issue has not been addressed in-depth with cells with increased integrin activity. We wondered, whether the different results we obtained in the different chemotaxis assays carried out might reflect the fact that we were measuring different mixtures of integrin-dependent and integrin-independent chemotaxis. We reasoned that "needle chemotaxis" assayed highly integrin-dependent chemotaxis on a two-dimensional glass coverslip, whilst Dunn and EZ-taxis chambers, both of which analyse chemotaxis of cells squeezing through
For personal use only. on November 12, 2017. by guest www.bloodjournal.org From more or less narrow gaps, might assay mixtures of two-and three-dimensional chemotaxis. To test whether ARAP3 might be most important for integrin-dependent chemotaxis, we performed chemotaxis assays in integrin-independent set-ups, where cells migrated in three-dimensional substrates. We measured chemotaxis towards fMLF in Boyden chambers (transwells), where the cells squeeze through 3μm polycarbonate pores, which has previously been documented as integrin-independent 40 and found no significant differences between ARAP3-deficient and control neutrophils (Fig 5H) . We also analysed neutrophil chemotaxis in a three-dimensional collagen matrix (Fig 5J) , which has previously been shown to support chemotaxis of entirely integrin-deficient leukocytes 21 . Interestingly, analysis of tracks from neutrophils from mock and tamoxifen induced Arap3 fl/fl ERT2Cre + mice migrating in the collagen gels indicated that there was no difference in the total accumulated distances migrated (or speed, not shown) by the two groups of cells, but Euclidian distances were different (Fig 5K) . Hence, ARAP3-deficient cells ended up significantly nearer their starting points than controls, suggesting a directionality defect in ARAP3-deficient cells. Neutrophils from tamoxifen or mockinduced Arap3 +/+ ERT2Cre + mice behaved identically (Fig S4C) .
In summary, our experiments show ARAP3-deficient neutrophils displayed a contextdependent chemotaxis defect in vitro. Our data suggest an integrin-dependent component to ARAP3-regulated chemotaxis, which affects the total distance travelled by the cells in a substrate dependent fashion. They also suggest an additional directional chemotaxis defect in neutrophils lacking ARAP3, which appears to be integrin-independent.
1 6
ARAP3 regulates adhesion in vivo
During inflammation, the recruitment of neutrophils which circulate in the blood stream in a quiescent, non-adhesive state follows a well-established cascade of adhesion and activation steps 41 , starting with the capture of free flowing neutrophils to the inflamed endothelium followed by rolling along the endothelium. Both capture and rolling are mediated by selectins. During rolling, endothelial-expressed chemokines trigger together with selectin-mediated signaling events the activation of neutrophil expressed β2
integrins (inside-out-signaling), which leads to further slowing down and eventually firm neutrophil arrest on the endothelium. This is followed by steady strengthening of the (Fig 6A) . In addition, the baseline number of perivascular neutrophils was also found to be higher in ARAP-3 deficient animals compared to controls (Fig 6B, Fig S5) . These findings corroborate our in vitro data indicating that deletion of ARAP3 causes a pre-activation of neutrophils.
To further analyse the functional relevance of ARAP3 in vivo under inflammatory conditions, and to exclude a possible effect of ARAP3 in the endothelial compartment, we evaluated neutrophil adhesion and extravasation in TNFα-stimulated cremaster muscle whole-mounts of tamoxifen-induced Arap3 fl/fl ERT2Cre + and Arap3 +/+ ERT2Cre + bone marrow chimeras. Stimulation with TNFα resulted in an increased recruitment of neutrophils in both groups compared to baseline conditions. However, the number of ARAP3-deficient, adherent intravascular neutrophils was significantly higher than that of controls. There were also more perivascular ARAP3-deficient cells (Fig 6C) . We next directly evaluated intravascular adhesion in postcapillary venules of the cremaster muscle by intravital microscopy. Microvascular and hemodynamic parameters were similar between the groups (Table S1 ). These studies showed an increased adhesion efficiency [(adherent cells / mm 2 ) / systemic WBC] in ARAP3-deficient neutrophils compared to controls (Fig 6D) . More adherent ARAP3-deficient neutrophils stayed firmly attached and showed a decreased tendency to crawl intraluminally compared to controls (Fig 6E,   supplementary movies 3, 4) . In-line with the observations from chemotaxis assays in 3D matrices in vitro, extravascular ARAP3-deficient cells were clearly able to migrate interstitially.
For
ARAP3 does not modulate Rap activity, but affects RhoA in neutrophils
Rap1 has previously been shown to modulate integrin affinity and avidity in a number of settings 2 . We measured Rap1 activity in neutrophils that were kept in suspension or that had been allowed to adhere to polyRGD. We saw a robust activation of Rap1 on plating cells on polyRGD, but there was no significant difference in Rap1 activity between cells lacking ARAP3 and controls (Fig 7A) . This indicated that Rap1 activity was not affected by the presence or absence of ARAP3 in neutrophils.
We previously showed that ARAP3 regulates the small GTPases Arf6 and RhoA. We therefore performed activity assays with neutrophils kept in suspension or plated onto polyRGD. Measuring global Arf6-GTP in lysates from these neutrophils, we saw a dramatic activation of Arf6 on adhesion to polyRGD but we did not detect any significant differences between the two genotypes (Fig 7B) . When analyzing RhoA we saw an increased activity in cells plated onto polyRGD. Although the extent of activation was variable between experiments, the RhoA fold activation in ARAP3-deficient cells was increased every time (Fig 7C) , whilst RhoA fold activations in neutrophils from mock and tamoxifen induced Arap3 +/+ ERT2Cre + mice were very similar (Fig S6) . In summary, our data suggest that ARAP3 modulates RhoA in an adhesion-dependent context. These findings are in-line with our previous work that identified ARAP3 as a Rap-regulated RhoA GAP 11 .
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Since germ-line deletion of Arap3 is embryonically lethal 14 , we used a tamoxifen- (Fig S7) . This side effect was temporary; no differences in bone marrow erythrocytes were found six weeks after induction (not shown). Since we observed no differences in circulating blood cells we are confident this
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We noted increased responses with ARAP3-deficient neutrophils in all adhesiondependent responses that were tested. This included in vitro assays carried out with purified, bone marrow derived neutrophils, ex vivo assays in flow chambers and in vivo observations in the cremaster muscle system. A response was triggered even in ARAP3-deficient, unstimulated cells both in vitro (e.g. increased ROS production in response to plating onto fibrinogen in the absence of TNFα and increased gelatinase granule release in cells plated in heat-inactivated FCS blocked wells) and in vivo (increased baseline adhesion in unstimulated cremaster muscle venules). We measured no difference in surface Mac-1 and LFA-1, the most abundant, constitutively expressed neutrophil integrins. Instead, both affinity and avidity of these β2 integrins were significantly increased in cells lacking ARAP3 (inside-out signaling). Our data supports two conclusions. Both inside-out and outside-in signaling could be altered independently of one another. Alternatively, the increased responses observed in events downstream of integrin ligation could be, at least in part, a direct consequence of the increased inside-out signaling we measured.
In addition to regulating responses that are classically thought of as downstream of integrin ligation, we observed a striking, context-dependent chemotaxis defect in ARAP3-deficient neutrophils. The literature describes integrin-dependent and integrinindependent modes of cell migration. Integrin-dependent migration involves force 
neutrophils. Hence varying integrin-dependency in different chemotaxis assays is the
For personal use only. on November 12, 2017. by guest www.bloodjournal.org From most likely explanation for the reproducible, yet seemingly contradictory results we obtained with these different chemotaxis assays. We propose that ARAP3 is required for integrin-dependent, but dispensible for integrin-independent chemotaxis. In addition, our data hint that there may be an additional defect in directionality of chemotaxis. ARAP3-deficient cells failed to persistently polarize in the orientation of the chemoattractant in "needle" chemotaxis assays. Also, despite equal total accumulated distances, ARAP3-deficient neutrophils migrated shorter Euclidian distances in three-dimensional matrices.
Future work will be directed to establishing the nature of any directionality defect in chemotaxis of ARAP3-deficient neutrophils.
When analyzing cremaster muscle venules, we observed increased numbers of intravascular, but also perivascular ARAP3-deficient leukocytes, suggesting increased extravasation. However, given the increased adhesion to the endothelium, it is conceivable that transmigration of a fraction of these cells could have masked a mild transmigration defect. Unfortunately, we were unable to address this possibility experimentally since we could not use the sterile peritonitis model.
Having identified PI3K as major regulator of ARAP3 10, 14 , the phenotype of ARAP3-deficient neutrophils was somewhat surprising. We previously showed that ARAP3 is regulated by Rap-GTP in addition to PI3K 11 . Interestingly, Rap proteins have been demonstrated to be major modulators of integrin inside-out signaling in lymphocytes, macrophages, neutrophils and platelets, affecting integrin affinity and avidity (though not surface expression), ligand binding and cell spreading 30, [44] [45] [46] . that ARAP3 is not upstream of Rap.
Rap activity was not
We assessed Arf6-GTP in neutrophils kept in solution or plated onto polyRGD, which lead to significant Arf6 activation. We did not notice any differences between ARAP3-deficient neutrophils and controls. Given that ARAP3 is just one of several Arf6 GAPs, and that we analysed global Arf6 activity, this negative result was not very surprising. It is conceivable that an analysis of localized Arf6 activity would show up differences that are hidden behind the robust activation of Arf6 on plating neutrophils onto polyRGD.
When assaying RhoA activity, we noticed that the fold increase measured in ARAP3-deficient cells was subtly increased compared to controls in each experiment (on average 1.6-fold). RhoA has been shown to regulate leukocyte integrin activation in a number of situations [47] [48] [49] [50] . In thymocytes, RhoA was shown to be required for optimal integrin activation by Rap1
51
, indicating that RhoA can be part of Rap-dependent inside-out activation of integrins. Given that Rap regulates ARAP3 as a Rho GAP and that ARAP3-deficient neutrophils are characterized by heightened β2 integrin activity and hyperresponsiveness in adhesion-dependent processes, we speculate that Rap activates ARAP3
as a Rho GAP to fine-tune integrin activity in neutrophils. Since we know that PI3K activity is required for ARAP3 activation, it is likely to function as a con-incidence detector for PtdIns(3,4,5)P 3 and Rap-GTP. It will be interesting to dissect the regulatory inputs of PI3K and Rap into ARAP3 in the future.
For 
Conflict of interest. The authors declare no competing financial interests.
For Neutrophils were or were not plated onto polyRGD. 10 minutes later cells were lysed using ice-cold lysis buffer. (A, B) Clarified lysates were used for 'pull-down' assays to
For personal use only. on November 12, 2017. by guest www.bloodjournal.org From determine GTP-bound fractions of small GTPases: (A) Rap1 'pull-downs' using GST-Ral GDS beads and (B) Arf6 'pull-downs' using GST-MT2 beads. After incubation of baits with lysate, beads were washed, boiled in sample buffer, protein subjected to SDS-PAGE and immunoblotted using anti-Rap1 (A) and anti-Arf6 antibodies (B). 
